Abstract. Flare (stray light) is an important effect impacting extreme ultraviolet lithography (EUVL) imaging system performance. Four flare measurement methods including Kirk, modulation transfer function, double exposure, and zonal ring approximation method are reviewed and analyzed theoretically. The point spread function of an EUV NXE:3100 exposure tool is extracted from the measured Kirk flare (KF) and fitted with a double-fractal model. The KF for this NXE:3100 tool is determined to be 8.5% for a 2-μm diameter absorber pad placed in a 12-mm outer radius bright field, which is larger than the previous 5% KF data measured by ASML and IMEC in 2011. The observation of the increased flare level in the NXE:3100 tool suggests that contamination of EUV optics may be a potential problem for EUVL manufacturing. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Extreme ultraviolet lithography (EUVL) is a next generation lithography technology which is scheduled to be inserted into semiconductor device manufacturing beyond the 10-nm technology node. [1] [2] [3] [4] Compared with the 248-and 193-nm wavelengths used in deep ultraviolet lithography (DUVL), a 13.5-nm wavelength is used in EUVL. Only reflective optical components and masks can be used in EUVL, because most materials strongly absorb 13.5-nm light. Before EUVL can be inserted into manufacturing, many problems need to be solved, such as flare, optical proximity correction, horizontal and vertical print difference (HVPD), defectivity, optical source power, overlay, etc.
2 Among these problems, flare is one of the important remaining issues that needs to be addressed.
Flare, which is also called the stray light, is due to light scattered by lens inhomogeneity and surface roughness. This kind of light can be scattered from bright areas to all the other areas of the image, including areas that are supposed to be dark. Flare provides a localized background light intensity which can induce critical dimension (CD) variation and reduce contrast and process window. 5, 6 Even though this effect has been studied and is well understood in KrF (248 nm) and ArF (193 nm) lithographies, not much attention has been paid to it recently because the level of flare has been sufficiently suppressed and the resultant impact to lithography processes is small. When the lithography wavelength shifts from 193 to 13.5 nm, flare can no longer be neglected. One reason is that scattered light is inversely proportional to the square of the wavelength, which means that the flare level would increase 200-fold when migrating from 193 to 13.5 nm if surface roughness remains constant. Another reason is that light interacts twice with the surfaces of EUV optical components, whereas it interacts only once with DUV lenses due to the use of reflective optics in the EUV spectral region. For these reasons, the flare level has increased from 2% to 3% in DUVL 7 to 14% in EUVL. 8 Therefore, it is critically important to address the flare problem in EUVL. The EUVL projection optics mirror vendors usually characterize flare directly by measuring the mirror surface with an interferometer, a microscope, and an atomic force microscope (AFM). 9, 10 However, it is more practical for end users to measure flare using a resist-based method, which means measuring flare patterns exposed on a resist-coated wafer with a CD scanning electron microscope (CD SEM). Four resist-based flare measurement methods have been proposed including Kirk, [11] [12] [13] modulation transfer function (MTF), [14] [15] [16] [17] double exposure, 18, 19 and zonal ring approximation method (ZRAM), 20 and all four methods will be reviewed in this article. Knowledge of the flare point spread function (PSF) is important when modifying the mask patterns to compensate for flare. 21, 22 However, the detailed relationships between measured flare and PSF have not yet been published for these methods. How to derive PSF from measurement will also be shown in this article.
The flare levels in the latest generation of EUV full-field scanners, the ASML NXE:3100, which is installed in IMEC Belgium, are evaluated using the Kirk method. The flare PSF of the NXE:3100 is extracted from the measurement and fitted with a double-fractal model.
Flare Theory
Flare is caused by light scattering from contamination, multiple reflections, lens inhomogeneity, and surface roughness. The surface roughness contributes most and can be classified into three categories: low-spatial frequency roughness (LSFR) with spatial frequencies <10 −6 nm −1 , middle SFR (MSFR) with spatial frequencies between 10 −6 nm −1 and 10 −3 nm −1 , and high SFR (HSFR) with spatial frequencies >10 −3 nm −1 . 2, 10, 22, 23 Light scattering can also be classified correspondingly into three categories due to the spatial frequency difference of surface roughness. 11 The short range scattering is generated from LSFR and has a submicrometer influence range. The LSFR is also a source for aberrations. The middle range scattering is generated from MSFR and has an influence range from sub micrometer to millimeter scales. It degrades printed CD accuracy and reduces contrast and process window more than any other effect. The flare, which people care most about, also refers to this middlerange scattering. Long-range scattering is generated by HSFR and has an influence range of larger than millimeter scale. Some of the long-range scattering is blocked by the exit pupil of the imaging system and can be regarded as a reflection loss, and some goes through the exit pupil and can be regarded as background scattering intensity.
An optical system can usually be characterized by its PSF, which is the response of the optical system to a point source.
In the absence of scattering, the PSF is diffraction limited and is usually expressed as an Airy function. The PSF with scattering is shown in Fig. 1 . The image light intensity profile of a point source after an optical system can be divided into three parts. The diffraction-and aberration-induced PSF region is from 0 to r min . The region from r min to r max is the flare region. The energy-loss region is beyond r max . Only the positive axis region is shown in Fig. 1 since rotational symmetry has been assumed. The r min and r max are submicrometer and millimeter scales, respectively, as mentioned in the above paragraph. The PSF used in the rest of this article will refer to the flare-related PSF only.
The PSF expresses the system performance in the spatial domain. Another well-known function, MTF, expresses system performance in the frequency domain. The PSF and MTF are a Fourier pair. MTF ¼ IfPSFg and PSF ¼ I −1 fMTFg, where Ifg and I −1 fg are Fourier and inverse Fourier transforms, respectively. Thus, PSF can be calculated from the measured MTF, and this measurement method will be discussed later. Another commonly used parameter by mirror vendors is power spectral density (PSD), which describes how the power of a signal is distributed with frequency. The PSD is equal to the square of the amplitude of the MTF, PSD ¼ jMTFj 2 . The autocorrelation of PSF is also a Fourier pair with PSD. A more detailed relationship between PSF and PSD can be found in the literature. 2, 10, 23 There are three empirical models for PSF: Gaussian, ABC, and fractal. 7 If double-scattering processes are present, these models expand to double Gaussian, double ABC, and double-fractal functions, as shown in Table 1 . The single coordinate r is used because PSF is assumed to have rotational symmetry. Constants w 1 , w 2 , k 1 , k 2 , and A are scale factors. Spectral indexes n 1 and n 2 usually range from 1 to 3. B, r t , σ 1 , and σ 2 are also constants. When w 2 or k 2 ¼ 0, the double PSF model is simplified to a single PSF model. The ABC model is very similar to the fractal model, except in the small r region. Their expressions will be the same when Br 2 ≫ 1. Therefore, the fractal model can be regarded as a simplified version of the ABC model and is used as the second PSF term in the ABC model in Table 1 . The PSF usually has a long tail extending to the millimeter dimension. This tail in the Gaussian model decays quickly. Thus, the Gaussian model is usually not as accurate as the fractal model. 5 For these reasons, the fractal model, which is simple and accurate, is preferred in most cases.
The total image intensity with flare I 1 ðx; yÞ can be calculated from Eqs. 
where I 0 ðx; yÞ and I flare ðx; yÞ are the ideal total image intensity without flare and the intensity of the flare-induced image 
Kirk Method
The Kirk method, which is also called the disappearing pad test, was first proposed by Kirk. 11 It is the most widely used flare test method now due to its simplicity. Island features (pads) are used in this method, as shown in Fig. 2(a) . One isolated absorber pad is placed in a large bright field, which in the case of EUVL is an area of multilayer (ML) reflection. The area covered by the absorber is a dark area and all other areas are bright. Figure 2 (b) shows a large bright field surrounded by a dark field. I D and I B are the normalized light intensity in centers of dark and bright fields, respectively. r D and r B are the coordinates in the dark and bright fields, respectively. In an ideal case, I D ¼ 0 and I B ¼ 1 if we neglect diffraction. In the flare case, some light is scattered from the bright area to the dark area, resulting in I D > 0 and I B < 1. The increase in I D is due to flare, and the decrease in I B is due to the energy loss from scattering. The only way for the light to reach the center absorber pad area in Fig. 2(a) is via flare. Thus, flare information can be extracted from the knowledge of I D and I B .
Suppose E resist is the dose received by the resist that can clear the resist completely. E B and E D are the doses incident on the whole reticle which can clear the resist in the bright and dark fields, respectively. The parameters t B and t D are the exposure times to clear the resist in the bright and dark fields, respectively. I reticle is the light intensity incident on the whole reticle and is a constant. E resist in the bright and dark fields satisfies the relations:
From these relations, we have I D ∕I B ¼ E B ∕E D , which is the definition of the Kirk flare (KF), the dose need to clear the resist in a large bright area divided by the dose need to clear the resist under an absorber pad. Combining Eqs. (1), (2), and the definition of KF, KF can be written as where I D and I B are calculated at different coordinates r D and r B . r D ¼ 0 and r B ¼ 0 correspond to the centers of the dark and bright areas, respectively. A thin EUV mask absorber film is commonly used in order to minimize the HVPD. The residual EUV reflection from the absorber can be as much as 1% to 2% of the total EUV reflection light. 24 The EUV light source generally contains not only EUV, but also DUV light. Even with the insertion of spectral purity filters, a few percent of DUV light still remains. It can be reflected by the EUV mask and interacts with the resist. This problem is called Out-of-Band (OoB) radiation. 25 Since absorber EUV and OoB direct reflections are of the same magnitude as flare, they will be considered in the derivation. But the scattering of these two terms will be neglected, because they are too small to be compared with flare. Define I 0 ðr D ¼ 0Þ ¼ I abs þ I OoB , where I abs and I OoB are the light intensity from absorber EUV and OoB reflections, respectively. I abs and I OoB are neglected in I B , because they are only a few percent of I B .
The island features used for the Kirk method include squares, bars, and circular pads. The circular pad is most popular because of the rotational symmetry of the PSF and because of the calculational simplicity. The circular absorber pad is usually placed in a circular bright field which consists of a donut pattern. Figure 3 shows the donut pattern and the large bright field surrounded by a dark field used in the Kirk method, where r 0 and r 1 are the inner and outer radii of the donut, respectively. r 2 is the radius of the large bright field.
Linear I 0 terms appear in both the nominator and denominator in Eq. (4); thus normalized I 0 can be used in this case. For simplicity, we assume I 0 ¼ 1 in a bright field and I 0 ¼ 0 in a dark field in the ideal case, since scattering of absorber EUV and OoB reflections have been neglected. Flareinduced image blur intensity in the nominator of Eq. (4) can be written as
where I 0 ðrÞ ¼ I 0 ð−rÞ, since the Kirk pad has rotational symmetry. Similarly, the flare-induced image blur intensity in the denominator of Eq. (4) can be approximated as
If r 2 is sufficiently large (r 2 → ∞), the convolution and the TIS in the denominator of Eq. (4) will cancel. In practice, the selection of r 2 is also dependent on the PSF. Usually it needs to be larger than several millimeters to satisfy this approximation. With the r 2 → ∞ approximation, KF can be written as
PSFðrÞ2πrdr;
where I ML ¼ I 0 ðr B ¼ 0Þ is the light intensity reflected from a large bright field of ML in EUVL. Equation (7) can be further simplified to
PSFðrÞ2πrdr; (8) where R abs and R ML are the EUV reflectivity of the absorber pad and the ML, respectively. The absorber EUV reflection term R abs ∕R ML and the OoB term I OoB ∕I ML are usually determined theoretically and experimentally, respectively. If the flare level is very small, for example, when the flare level is around 2% to 3% as is the case in DUVL, TIS can be regarded as much smaller than 1 and the (1 − TIS) term can neglected in Eq. (8) . The approximated KF is shown in Eq. (9) .
Since the fractal model is the most popular PSF model, a double-fractal PSF model is used in the rest of derivation, as shown in Eq. (10) . It can be simplified into a single-fractal model by making K 2 ¼ 0.
Combining Eqs. (8) and (10), KF can be written as
Equations (11) and (12) are used to calculate PSF from KF. If a thick mask absorber is used, the absorber reflection term, R abs ∕R ML , can be neglected in Eq. (11) . It can also be estimated from simulation or measured directly when a thin absorber is used. When KF is measured on a large dark field, which is the case with no flare (K 1 ¼ K 2 ¼ 0), the first term in Eq. (11) can be measured directly. After considering the absorber reflection term, the OoB term, I OoB ∕I ML , can be estimated. After the first term in Eq. (11) is determined, PSF and TIS can also be calculated. The OoB is usually measured with metal blades 26 or with a metal-coated mask. 27 From Table 1 in Ref. 27 , 96% of the OoB is reflected from aluminum while almost no EUV light is reflected. At the same time, 60% and 39% of OoB can be reflected from the ML and the absorber, respectively. Although an aluminum-coated mask is a good option to measure OoB, a normal EUV mask with a large absorber area can also be used to estimate OoB taking into account the ratio result from Lorusso et al. 27 The OoB measured from aluminum indicates the total OoB in the EUVL system, while the OoB reflected from absorber and ML are closer to the real case, since the EUV mask absorption of OoB is included. The OoB from the absorber and the ML provides the lower and upper limits in cases where bright and dark fields are co-located on the mask.
One of the advantages of the Kirk method is its insensitivity to the type of resist used, because only the dose ratio is measured. Other advantages include simple pattern design and simple experimental technique. These advantages make the Kirk method the most popular flare measurement technique. There are two disadvantages of the Kirk method. One is that a large energy dose is required to measure a small KF. For example, if the E B is 10 mJ∕cm 2 , E D will be 1000 mJ∕cm 2 for 1% KF, which places a heavy burden on an EUV exposure tool. The solution to this problem is to use a fast resist. A fast resist is usually too sensitive to print normal features, but it can be used with the Kirk method. Resist metrology is also a problem for the Kirk method. The value for the dose-to-clear in a photoresist is traditionally determined by visually inspecting a series of CD SEM resist images exposed at different doses. Unfortunately, the value for the dose-to-clear determined by the visual inspection method is inevitably affected by person-to-person differences and a new method, independent of operator influence, is needed. Lorusso et al. 26 in 2009 proposed an automated algorithm to calculate E B and E D . The contrast of the pad images was plotted as a function of dose. The dose-to-clear was defined as the dose when contrast ¼ 0 for the second time, as shown in Fig. 2 in Ref. 26 . The contrast method was one of the nonvisual inspection methods for determining dose-toclear and has been shown to work well in some cases. 26 However, because image contrast is affected by differences in the photoresist, under-layer coating material, postexposure baking conditions, and SEM settings, other experimental conditions may not yield the same results. LaFontaine et al. determined the dose-to-clear by the appearance of peaks of grating structures with scatterometry. However, this method can only be used with grating structures. 17 In 2013, Sun et al. proposed a Fourier spectrum method to determine the dose-to-clear in a photoresist. 28 During dissolution, the exposed resist will reshape randomly or fragment into many small random shapes. The spatial frequency spectra of these random shapes are much different from those of the background noise images, which are SEM images of the resist when the resist has been completely dissolved. Since the Fourier spectrum method focuses on these random shapes instead of image contrast, it is not affected by the differences of resist, under-layer coating material, postexposure baking condition, and SEM settings, and results in a more general measurement method.
Discrete dose step will also induce metrology error. Suppose E j is used in an energy meander exposure, where j ¼ 1 to n, and E n is the final dose in the energy meander. The dose-to-clear lies between E j and E jþ1 . Then, E dose-to-clear ¼ ðE jþ1 þ E j Þ∕2, and the uncertainty is AEE error , where E error ¼ ðE jþ1 − E j Þ∕2. The relative error of the dose-to-clear is ½E error ∕ðE dose-to-clear Þ ¼ ðE jþ1 − E j Þ∕ ðE jþ1 þ E j Þ. The smaller the energy meander step, the smaller the error.
MTF Method
Modulation transfer function (MTF) or contrast transfer function (CTF) methods were used to evaluate the performance of the projection optics in DUVL. 14 In 2002, LaFontaine and other researchers measured flare with this method. 15, 16, 29 The MTF is measured directly at various spatial frequencies instead of the PSF measured in other methods. Since MTF and PSF create a Fourier pair, one can be converted into the other by a Fourier transform.
The modulation or contrast of an image is defined by
where I max and I min are the maximum and minimum light intensity of the image, respectively. The MTF is defined by the ratio of image modulation and the object modulation, so MTF ¼ image modulation∕object modulation. For an EUV reticle, which corresponds to the object, I max ¼ I · R ML and I min ¼ I · R abs , where I is the incident EUV light on the reticle. R abs is usually approximated as zero for a thick absorber. Thus, object modulation is approximated as one. The MTF is directly represented by the image modulation.
As discussed in Sec. 3.1, the light intensity ratio is equal to a dose ratio, I min ∕I max ¼ E B ∕E D , where E B and E D mean the smallest dose-to-clear a bright field resist and the dose-toclear a dark field resist, respectively. Combining Eq. (13) and this relation, the MTF is written as
where f is the frequency at which MTF, E B , and E D are measured. A series of one-dimensional gratings have been used to measure MTF. 15, 16, 29 For a grating with uniform pitch, it has most of its modulation energy at the corresponding frequency as long as the grating area is sufficiently large. Therefore, even though finite-size gratings do not have a single-frequency spectrum, it is still a good approximation to regard the MTF measured at one grating as the MTF at the corresponding frequency. The MTF measured at a series of gratings with different pitches can be regarded as the MTF at different frequencies. E B and E D correspond to the doseto-clear the resist in the trench and in the line of the grating, respectively. Experimentally, E B can be defined as the dose corresponding to the largest grating contrast or the clearest grating. E D can be defined as the dose to completely clear the grating. The area size of one uniform grating should be as large as possible for the single-frequency spectrum approximation to be valid. However, to make optimum use of the limited space on a reticle, this area size should be as small as possible. An optimized grating area size is required. Figure 4 is an optical micrograph from LaFontaine et al., 15 which shows that a 10-μm pitch grating was removed in the center.
The MTF method was successfully used to measure flare in DUVL. 15 However, it may not be suitable for EUVL for three reasons. The first reason is cross-linking, which is a problem caused by one polymer chain linking to another with bonds in photoresist. It can arise in bright fields at large doses and should be avoided in measurement. Since the bright and dark fields are alternatively placed in a grating, the cross-linking can affect measurement results at large doses. The second reason is that a large dose is required for low-frequency gratings. One line in a grating can be regarded as the absorber pad or bar in the Kirk method. This line is placed in a bright field which is filled with 50% dark field, assuming a 1:1 grating. Therefore, the dose needed to clear this line, which is also the dose-to-clear the grating, is doubled in the MTF method compared with the dose in the Kirk method. The optical source power is not a problem in DUVL; however, it remains a bottleneck in EUVL at the present time. The third reason is that absorber EUV and OoB reflections are not considered in the MTF method. Flare result will not be accurate if these two factors are comparable to flare.
Three gratings with different frequencies were exposed in the EUV Alpha Demo Tool (ADT) in Albany, New York, to test the validity of the MTF method. A fast resist, Rohm and Haas XP4502J, was coated at 150-nm thickness on the wafer. All the gratings had 1:1 duty cycle, which means that the trench CD is equal to the line CD. Grating pitches were 80 nm, 600 nm, and 35 μm, respectively, which correspond to high, middle, and low frequencies, respectively. Grating areas were 50 × 50 μm 2 for 80 and 600-nm pitch gratings, respectively, and 700 × 700 μm 2 for the 35-μm pitch grating. The dose was increased from 5 to 164 mJ∕cm 2 in the experiment. Figure 5 shows the CD SEM images of these gratings at various doses. The 80-nm pitch grating is shown in Fig. 5(a) . It is clear that the grating image is removed completely at 8 mJ∕cm 2 dose. Resist cross-linking occurs above 36 mJ∕cm 2 , but it does not affect the measurement result for this high-frequency grating. Figure 5(b) shows the CD SEM images of the 600-nm pitch grating. It looks as if the grating has been removed above 43 mJ∕cm 2 .
However, it is not easy to tell exactly when the grating is completed removed, because cross-linking is present at this dose level. Figure 5(c) shows the CD SEM images of the low-frequency grating. The grating does not change too much even with doses as high as 164 mJ∕cm 2 . Crosslinking is not visible due to the low magnitude, although it is even worse at higher doses. A higher dose was not tested due to ADT productivity limits.
The above test shows that it is easy to measure MTF at high frequency but not at middle and low frequencies in EUVL. Since low-frequency term determines the limits of the PSF curve in the spatial domain, it is easy to have orders of magnitude error with wrong low-frequency measurement results. For example, PSF converted from MTF was one order of magnitude smaller than that measured from mirror roughness in Ref. 29 .
The MTF method is very similar to the Kirk method. It is also resist independent and relies on visual inspection to determine the dose. The difference is that the Kirk method is measured in the spatial domain, whereas the MTF method is measured in the frequency domain. One advantage of the MTF method is that it is not measured with an empirical PSF model but directly converted from the MTF data.
Double-Exposure Method
The double-exposure method was proposed in 2001. 18, 19 A reticle which contains a long thin line, e.g., 160-nm width, was initially exposed at a nominal dose. The line with 160-nm width should be imaged on the wafer after the first exposure, which is also called the imaging exposure. Then, another reticle is used for the second exposure on the same wafer, as shown in Fig. 6 . This step is called the flare exposure. The only difference between the two reticles is that a thick line is used instead of the thin line at the same location. The width of the thick line is 1 to 16 times that of the thin line. The exposed thin line on the wafer should be covered by the thick line on the second reticle. If there is no flare, no light will be illuminated on the thin line on the wafer because of the thick line's shadow on the second reticle. Then, the thin line width should not change. If there is flare, flare-induced light will illuminate the thin line on the wafer and induce a line width change from which the flare can be calculated.
Thin-line CD change is measured as a function of dose in the flare exposure. Then, several local flare levels are input into lithography simulation software, e.g., PROLITH, and the thin-line CD change is simulated as a function of the flare exposure dose. The local flare level at which the experimental data and the simulation curve fit best can be determined as the final flare result. Figure 7 shows the experimental and curve fitting of the thin-line CD as a function of dose for a preproduction 193-nm scanner. 19 A 6% local flare value was determined for that scanner.
One of the advantages of the double-exposure method is that CD is directly measured instead of estimating via visual inspection of dose-to-clear as in the Kirk and MTF methods. Another advantage is that a small dose is used instead of a large dose, which is important when attempting to measure flare in a low-power EUV system. However, several reticles are used in the original design, which can increase the cost of the measurement. As an improved design, all the patterns can be on a single reticle. The reticle is shifted during the second exposure instead of employing a second reticle. Overlay, CD uniformity (CDU), and line edge roughness (LER) can affect the measurement result. This method is heavily dependent on the accuracy of the optical and resist models used in the simulation software. Only local flare level was measured using an old version of PROLITH in 2002, and the PSF may be simulated using more recent versions of the simulation software.
ZRAM Method
The ZRAM was proposed in 2008. 20 Its principle is similar to that of the double-exposure method. Figure 8 shows ZRAM design. 20 It consists of a series of zonal rings and flare-sensing features in the center of the rings. Line and space patterns were used as the sensing features (gauging pattern) in Ref. 20 . The circular area surrounding the gauging pattern is a bright field. The area outside the circular area is a dark field. The flare induced inside the circular area changes the line-width CD of the gauging pattern. Different circular radii correspond to different flare levels and different gauging pattern line widths.
The reference gauging pattern is a gauging pattern placed in a dark field, and the other gauging patterns are in the zonal rings. A line/space grating is used as the gauging pattern in Ref. 20 . The first experimental step is to expose the reference gauging pattern at various doses. Measurement of gauging pattern CD versus dose is used to create a look-up table. The second step is to expose all the zonal ring gauging patterns at a normal dose. The gauging pattern CD difference between reference gauging pattern and zonal ring gauging pattern is induced by the flare generated inside the zonal ring. The third is to convert the CD difference to dose using the Look-Up Table. The final step is to calculate the flare PSF based on the dose difference.
Assume I reticle is the light intensity incident on the reticle. E norm and ΔE are the doses incident on the reticle at t norm and Δt time, respectively. They have the relations
If the CD on the reference gauging pattern and the zonal ring gauging pattern is the same, then the same amount of dose, E 0 , is incident on the resist on these two patterns. Suppose the zonal ring gauging pattern is exposed with t norm time, the reference gauging pattern needs to be exposed with extra time t norm þ Δt to have the same pattern CD. Assume I 2 and I flare are the light intensity arriving at the wafer in the reference gauging pattern and the flare intensity from zonal ring, respectively. They have relationships
Combining Eqs. (2) and (15)-(18)
where r 0 and r 1 are the inner and outer radii of the zonal ring, respectively. I ML is the light intensity from a large bright field. E norm is the normal dose and ΔE can be found from the reference CD-to-dose table. Since the gauging pattern is very small, e.g., 50-nm half pitch line/space grating, diffraction should be included in I 2 . Therefore, I 2 can only be calculated from an optical model using simulation software. The absorber EUV and OoB reflection should also be included in the simulation of I 2 if they are comparable to the flare level. The CD is usually measured at the edges of a trench or line feature, and thus, I 2 should be also simulated at the edge of the pattern, too. The pattern edges move with exposure dose, which make the metrology and the I 2 definition more difficult. More work needs to be done for an accurate flare PSF measurement using this method. The ZRAM has the same advantages as the double-exposure method, e.g., CD measurement instead of visual inspection and use of a small dose instead of a large dose. The resist dependence is removed from ZRAM method, which is an improvement over the double-exposure method. The dose corresponding to the line-width CD difference is extracted using an experimental method, not calculated from a resist model. Of course, the double-exposure method can also remove the resist dependence using the reference CD-todose idea. CDU and LER can affect the measurement result. The short-range flare measurement may also be problematic.
Since the gauging pattern is at the center of the zonal ring, addressing and auto-focusing patterns need to be located in the center of the zonal ring, too, as a requirement of the metrology. Thus, the center area inside the inner radius of the zonal ring should not be too small. More work needs to done on the metrology plan and the I 2 definition issue, as mentioned in the above paragraph, before an accurate PSF measurement can be made using the ZRAM technique.
NXE:3100 Flare Measurement Result
The NXE:3100 located at IMEC is the latest preproduction EUV machine from ASML. The flare of this tool has been measured with the Kirk method, and the PSF has been extracted from the measurement result.
Conventional illumination with sigma ¼ 0.81 and numerical aperture ¼ 0.25 is used in the experiment. Best focus is determined to be −0.02 μm. The resist used in the experiment is an SEVR-140 of 50-nm thickness. E B is measured from a large bright field and determined to be 4.5 mJ∕cm 2 . A Hitachi CG-4000 CD SEM was used as a metrology tool.
There were three sections on the mask. Kirk donut patterns were located in sections A and B. Section A included 22 donut patterns with a shared 12-mm outer radius. The inner radius ranged from 0.135 to 80 μm in logarithmic steps. Section B included 5 donut patterns with a fixed 2.5-mm outer radius. The inner radius ranged from 100 to 1000 μm logarithmically. Section C is a blank 3 × 3 mm 2 area completely covered by an absorber. The EUV and OoB reflection from the absorber can be measured from this section directly. The pattern in Section C and each donut pattern are exposed separately with the aid of reticle masking (REMA) blades. Therefore, flare result from one pattern is not affected by the others.
The OoB reflected from the absorber, the ML, and an aluminum-coated reticle is estimated to be 1.7%, 2.6%, and 4.2%, respectively, after considering the experimental results from section C, the simulated result of EUV absorber reflection, and the ratio result from Table 1 in Ref. 27 . Figure 9 shows the experimental results and the curve fitting of the KF for the NXE:3100. The experimental result of the donut patterns from sections A and B is plotted as circle and star, respectively. The curve fitting of the donut patterns from sections A and B is plotted as solid and dashed lines, respectively. A double-fractal PSF model was used in the curve fitting. The experimental result and the curve-fitted value for KF are 9% and 8.5%, respectively, for a 2-μm diameter absorber pad placed in a 12-mm outer radius bright field. Figure 10 shows the simulated double-fractal PSF curve corresponding to the best curve fitting result in Fig. 9 . Two single-fractal curves consisting of the solid-line double fractal curve are also plotted as dashed and dotted lines in Fig. 10 for reference. The values for the K 1 , K 2 , n 1 , and n 2 parameters are 0.000395, 0.0018, 2.73, and 1.053, respectively. The TIS factor was calculated to be 15.4%.
The fact that the KF in the NXE:3100 is smaller than the 14% KF in the ADT, 8 shows the improvements that have been made in the EUV mirror fabrication. However, the KF in the NXE:3100 was discovered to have increased from 5% in 2011 30 to 8.5% in 2013. This increase could be the result of contamination or material degradation with use and needs to be further addressed. Fig. 8 The zonal ring approximation method (ZRAM) design. 20 
Conclusion
Four flare measurement methods including Kirk, MTF, double exposure, and ZRAM methods are reviewed and analyzed theoretically in this article. The detailed relationship between measured flare and PSF is analyzed. The PSF of an EUV NXE:3100 exposure tool is extracted from the measured KF and fitted with a double-fractal model. The observation of the increased flare level in the NXE:3100 tool suggests that contamination of EUV optics may be a potential problem for EUVL manufacturing.
